With increasing global population and income, the demand for livestock products continues to grow and is likely to grow in future as well. This raises concerns about the implications of such growth for the environment. Results also indicate that a significant portion of the emissions (about 11%) can be reduced if consumer preferences could be altered. In practice, this will require policy interventions that promote substitution of non-ruminant for ruminant meat products.
Introduction
With growing concern about the climate change, potential sources of Greenhouse Gas (GHG) emissions mitigation are being identified. Lately, the livestock sector has received considerable attention in this regard as the sector reportedly contributes significantly to human-induced GHG emissions [1] - [3] .
The Model
A modified version of the standard GTAP (Global Trade Analysis Project) model, GTAP-BIO, is used for this analysis. The GTAP model is a multi-sector, multi-region CGE model, which is widely used for policy, trade, and environmental analysis. GTAP models consumer (private households) preference using a Constant Difference of Elasticity (CDE) function, which allows income elasticities to differ across goods. Producer/firm production functions are modeled using nested Constant Elasticity of Substitution (CES) forms. Moreover, it assumes constant returns to scale in production and perfectly competitive markets. The Armington assumption is used for traded goods i.e. the imports are differentiated by country of origin. The general equilibrium nature of the model is imposed by applying Walras Law in the model, i.e. in equilibrium all markets clear (i.e. aggregate demand equals aggregate supply in all input and output markets, imports equal exports in the international market), all firms earn zero economic profits, and all consumers operate on their budget constraints, and global investments equal global savings. The standard GTAP model is fully described and discussed with underlying assumptions and equations in the book "Global Trade Analysis" [7] , the discussion in this section is focused on the features of GTAP-BIO model that are pertinent to the objectives of this study.
The GTAP-BIO was originally developed and used to estimate the impact of increased biofuels production on global land use and associated GHG emissions [8] [9] . The GTAP-BIO explicitly models the competition among crops, livestock, and the biofuels sector in the land market. Besides modeling the land use, the model explicitly incorporates feed demand for livestock. The livestock feed demand includes not only conventional feed sources but also distillers' grains, a by-product of corn ethanol production, primarily used as a livestock feed ingredient (for details see [10] ). Given that the GTAP-BIO model explicitly models land supply and the livestock feed demand in addition to retaining the general equilibrium features of the standard GTAP model, the model is very appropriate to estimate the growth of livestock demand and associated land use changes. Figure 1 illustrates the land supply module in the GTAP-BIO model. This module determines the supply of land for forest, crop, and pasture production purposes in 18 Agro-Ecological Zones (AEZs) around the world. The elasticity of transformation, ETL1 determines the transformation of land for forest, crops and pasture, while ETL2 governs allocation of crop land among different crops. ETL3 is the elasticity of transformation of pasture land for meat and milk production. These elasticities are tuned according to the changes in land cover and harvested areas at the global scale [11] .
Experiments and Data Sources
To examine the impact of increased livestock output on global land use and resulting GHG emissions, two experiments are developed and applied using the GTAP-BIO model and GTAP database version 7, which corresponds to the reference year 2004.
1) Experiment 1: This experiment is carried out by using the forecasted changes (Figure 2 ) in GDP, population, capital, skilled labor, and unskilled labor between the years 2004 (baseline) and 2022 as exogenous shocks to the GTAP-BIO model for all GTAP regions ( Table 1 ). The land use changes obtained from this experiment can be attributed to changes in demand for all goods and services in the regional economies including changes in livestock production.
2) Experiment 2: Experiment 1 is repeated, while the household and intermediate demands for livestock products held constant 1 . The difference in land use between this experiment and the first experiment can be attributed to the effect of the livestock demand on land use. Two additional steps are followed. First, the resulting land use changes are introduced into the emissions factors developed by Plevin et al. [12] to calculate induced land use emissions due to changes in livestock outputs GDP, population and capital changes from CEPII baseline version 2.1 [13] . The data for skilled and unskilled labor are obtained from the baseline projection database prepared by [14] . 
Results
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Figure 3 presents projected changes in the livestock output at the global scale for the time period of 2004 to 2022, obtained from the first experiment. The largest increase is observed for non-ruminant products (111%) followed by ruminant (84%) and dairy products (64%). Table 2 and Figure 5 show the impact of livestock output growth on land use. The figures represent the difference in land use between the first and second experiments explained above. As is evident in the table and the figure, with the increase in livestock output, pasture area is expanded while forest land is reduced in all regions. However, the overall change in crop land has a mixed outcome. In most of the regions, cropland is reduced, while in regions such as Canada (CAN), CHIHKG, and Mala_Indo cropland expanded. Globally there is a net increase of about 44.5 billion hectares of pasture, with a decrease in cropland and forest of 1.1 billion and 43.3 billion hectares respectively ( Table 2) . Among the regions, CHIHKG emerges as the region of largest pasture expansion/deforestation followed by S_S_AFR, BRAZIL, South and Other Americas (S_o_Amer), and R_S_ Asia ( Table 2 ). The expansion of pasture is small in the advanced economies such as the EU27, CAN, JAPAN, Oth_Europe, and Oceania.
Land Use Impacts
Emissions Due to the Land Use Changes
As stated previously, the results on regional land use change obtained from the GTAP-BIO model simulations are used in combination with the "AEZ_EF v47" model to estimate the induced land use emissions as a result of regional changes in livestock demands for livestock outputs 3 . Table 3 presents the induced land use emissions as a consequence of changes in livestock demand between 2004 and 2022. Results indicate a major contribution of deforestation to the total emissions; particularly, the conversion of forest to pasture accounts for the majority of the emissions ( Table 2 and Table 3 ). Conversely, the conversion of cropland to pasture reduces emissions. The regions with relatively higher emission are S_S_Afr, CHIHKG, BRAZIL, and S_o_Amer (Table 3) . Mal_Indo, R_SE_ Asia, and R_S_Asia are other regions with major land use emissions. At the global level, the induced emissions are about 19.8 billion tons CO 2 e ( Table 3) . Since these emissions are the aggregated emissions for the 18 year period (2004-2022), the average annualized emissions due to the increase in livestock demand are about 1.1 billion tons CO 2 e per year. Given that the 0.65 billion tons CO 2 e per year estimate by [2] might be underestimated, the estimate of 1.1 billion tons CO 2 e per year obtained from this study is very plausible.
Sensitivity Analysis
As with all models of this type, the results are a function of the magnitude of the parameters. Therefore, if the parameter values are altered, it is expected that the results would be altered. It is in this spirit that a sensitivity analysis is undertaken. The demand for livestock products comes directly from the preferences of those purchasing it, the final consumers. The elasticity associated with the substitution among livestock products is relaxed by making them more elastic to incorporate some change in consumer preferences over the time. The increase in elasticity value in effect amounts to an increase in price sensitivity for any individual product type. This increase in elasticity is accomplished by altering the substitution parameter (SUBPAR) in the model. The SUBPAR parameter in the model helps determine how easily goods are substitutable in consumption. The SUBPAR values for livestock products in the model are decreased by 50% for all regions compared to the baseline case. The decrease in SUBPAR increases own and cross price compensated elasticities. b F = forest, C = cropland, P = pasture, and CP = cropland-pasture (land that can alternate between crop cultivation and pasture). 4 and Figure 7 present the percentage point difference in the global and regional livestock outputs when SUBPAR is reduced. Compared to the baseline simulations, with the reduced parameter values, the global livestock output increased for all categories. The increased price sensitivity in consumption to both own-price and cross-price changes significantly increased the global output for non-ruminants (Figure 6) . At the regional level, INDIA, CHIHKG, MEAS_NAfr, Oth_CEE_CIS, R_S_Asia, Russia, S_O_Amer, and BRAZIL are the regions with the largest increase in non-ruminant output compared to the baseline scenario (Figure 7) . Table 4 shows the difference in land use change with higher price sensitivity. The results on the "A" columns are the baseline results, the "B" columns are the price sensitive results, and the "C" columns list the difference between two scenarios (C = B − A). With the increased price sensitivity, about 3.8 million hectares of forest are spared, while both cropland and pasture area decline by just over 3 million hectares and 767 thousand hectares, respectively. Even with the reduction in crop and pasture land, livestock output is higher at the global level for the price sensitive scenario compared to the baseline (Figure 6 ). While most regions had a decline in deforestation under the price sensitive scenario, four regions had an increase, which includes BRAZIL, C_C_Amer, MEAS_NAfr, and S_S_AFR. The regions having the most reduction in deforestation are CHIHKG, INDIA, Mal_Indo, R_SE_Asia, and Rest of South Asia (R_S_Asia). Most of these regions are also the regions with the largest decrease in the cropland area ( Table 4) . Table 5 compares total emissions from the baseline simulation to the emissions of the price sensitive scenario. At the global level, the total emissions with the reduced SUBPAR are about 17.5 billion tons of CO 2 e, approximately 2.3 billion tons less (about 11% less) than the baseline simulation. The 11% drop in emissions is mainly due to the decrease in deforestation and the increased conversion of crop land for pasture ( Table 3 and Table 5 ).
Figure 6
The regions with the substantial reduction in emissions are CHIHKG, Mala_Indo, R_SE_Asia, R_S_Asia, and INDIA ( Table 5 ). The results indicate that increased price sensitivity in consumption of livestock products can lead to a substantial reduction in the GHG emissions from the sector.
Conclusions
Based on regional projections of GDP, population, capital, and skilled and unskilled labor, demand for livestock outputs are forecasted for the period between the years 2004 to 2022. Globally, the demand for non-ruminant output increases the most. Regionally, this expansion is the most evident in fast-growing economies such as CHIHKG and INDIA. Changes in land use as a result of the growth in livestock output are estimated to be large with a loss of forest amounting to over 43.3 million hectares, a reduction in crop land of about 1 million hectares, and an increase in pasture of over 44 million hectares. Given that the forests sequester more carbon than other land uses, clearing them results in significant GHG emissions. The change in land use due to increased livestock production increases emissions by about 20 billion tons of CO 2 e between 2004 and 2022 or about an average of 1.1 billion tons annually, which is about 15.5% of the total emissions (7.1 billion tons of CO 2 e) from livestock sector as estimated by [2] and about 2.2% of the total human-induced GHG emissions (49 billion tons of CO 2 e) as estimated by the Intergovernmental Panel on Climate Change for the year 2004 [15] . When consumer's responses to price changes are made more elastic i.e. more sensitive to price changes and willing to substitute more readily among livestock products, there is more increase in demand for livestock output especially the non-ruminant products with significant reduction in deforestation and GHG emissions.
The results from this study indicate that there is a potential for significant reduction in GHG emissions from livestock sector through policy interventions that target the consumption pattern of the private households. For this purpose, the intervention should encourage increased substitution among livestock products. In particular, the policies should encourage consumers to substitute non-ruminant for ruminant meat products.
